The liquid used in the mixing of the copper, the zinc oxyphosphate, and the silicate, cements is generally a modified solution of phosphoric acid. The powder of the copper cements consists principally of either the black cupric, or the red cuprous, oxide or the white iodate. The powder of the zinc oxyphosphate cement consists principally of highly calcined zinc oxide, and the powder of the silicate cement consists mainly of three essential oxides: CaO, A1203, and SiO2.
The oxychlorides, now little used except for root fillings, are made by mixing magnesium, or zinc, oxide with a syrup-solution of magnesium, or zinc, chloride free from acids.
The cements may be classified according to the arrangement in table 1, which is a modification of that given by Poetschke (1). 
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Poetschke gives the following uses of the various cements:
"The silicates are used for fillings in the anterior and posterior teeth. "The zinc oxyphosphate is used for the cementation of caps, crowns, bridges, inlays and facings, and is employed as a filling in posterior teeth.
"The copper cements are used as a filling material in posterior teeth where the thorough preparation of the cavity is impracticable, for the treatment of the deep-seated caries in children's teeth, and wherever increased germicidal action is required when the possibility of discoloration is unimportant.
"In order to determine the fitness of a dental cement due consideration must be given to its various properties individually and collectively."
Poetschke summarizes the physical, physiological, and chemical, properties essential to all cements, as follows:
1. Permanent: Thermal conductivity, constancy of volume, crushing strength, hardness, tensile strength, translucency, permeability, density, hydraulicity, porosity, adhesion, color.
2. Temporary: Time of set, heat generated, plasticity. 3. Physiological properties: Germicidal property, toxic action on pulp. 4. Chemical properties: Solubility, discoloration. "A silicate cement which does not possess the required color and translucency would be lacking in the essential requirements of this type of cement Likewise, germicidal efficiency is essential in a copper cement."
II. SILICATE CEMENTS
In the present study an attempt has been made to contribute to the knowledge of the constitution and reactions of silicate cements, and of some compounds which seem to have an important function in them. The use of dental silicate cements is of comparatively recent date, and information concerning their constitution and chemical behavior is rather meager.
Historical
Thomas Fletcher, an Englishman, patented the first silicate cement in the year 1879. It consisted of a pasty mass of aluminium phosphate in phosphoric acid, to be mixed ultimately with hydrate of alumina, heavy oxide of zinc or magnesia, basic silicate of zinc, or other materials with which it had the power of combining. The above mixture possessed the property of setting into an extremely hard mass similar in appearance to unglazed porcelain. He mentioned the fact that beryllium was a desirable ingredient, and that zinc could be replaced by various silicates. The cement was little used because it lacked translucency and possessed a high porosity.
Nothing further was done until the Germans took up the problem, seventeen years later. In 1899 silicate cements again appeared upon the market, but they failed to fulfill the extravagant claims of their promoters. In most cases there was excessive shrinkage and heating during the time of set, or a prohibitive solubility after setting. Furthermore, many of the cements, after mixing, contained so much free acid that, in their use in teeth, the pulp was destroyed, often causing the patient's death. Not until 1910, did a silicate cement appear which met the requirements of the dental profession. At present there are about twelve so-called silicate cements on the market, but little is known regarding their manufacture or the ingredients in them.
Voelker (2) states that "the powders of the various silicate cements are all synthetic products, i.e., they are combinations of chemical compounds such as the oxides, silicates, and aluminates, of calcium, silicon, aluminium, beryllium, and sodium." He further states that "two cements having approximately the same proportions of the same chemical elements may show widely different properties owing to the different manner in which the compounds containing those elements are combined." Chemical analysis fails to reveal the nature of the compounds present. It has been suggested that a part of the silicate powder consists of a complex silicate which is intimately mixed with pure oxides or other simple compounds.
Composition of commercial cements
The work, thus far, on the analysis of cements, has consisted of microscopic detection of chemical compounds, and of chemical de- The liquid for the first of these cements was a modified phosphoric acid solution, containing zinc and aluminum phosphates; the liquid for the second was a solution of phosphoric acid containing about 10% of hydrofluosilicic acid. Watts (5) has published the following analytic results: The cement referred to in U. S. Patent No. 1,172,723 is prepared as follows: Boric acid or borax is mixed with powdered washed beryl and sodium aluminium fluoride. The mixture is saturated with pyrophosphoric acid, and formed into a thin pasty mixture with water; then heated to obtain a melt, which is cooled, powdered, and subsequently prepared for use by further addition of pyrophosphoric acid.
W. and D. Asch (6) give the following composition-limits for silicate cements: 
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A German patent (7) granted in 1903, to Dr. Paul Steenback, the originator of the silicate cement now known as Ascher's New Enamel, makes the following specifications: The precipitate obtained by adding sodium silicate to a solution of basic beryllium nitrate is allowed to remain in water a certain length of time and is then filtered, washed carefully, dried and heated to dull redness. The preparation thus obtained (the empirical formula of which is 3BeO.SiO2) is very finely ground and is used as thus prepared. (If greater hardness is desired, it is intimately mixed with some powdered glass or alumina.) This powder is carefully mixed with 52 per cent phosphoric acid in which aluminium phosphate is dissolved nearly to the point of saturation and to which liquid a small amount of zinc phosphate is added. Voelker (8) states that "all the other silicate cements, so far as my observations extend, seem to be but modifications of this process, with the substitution of alumina and fluorides for the beryllium compound in the powders, and the modification of the liquids in various forms."
Chemical reactions in the hardening of silicate cements Dreschfield (9) suggests the following formula for Ascher's cement after setting: 12CaSiO3 + 14BeSiO3 + 13Al2(PO4)2 + xSiO2 + xH20 and for Harvardid's cement:
6CaSiO3 + 4BeSiO3 + 13A12(PO4)2 + xSiO2 + xH20 W. and D. Asch (10) investigated the theories of hardening proposed by such men as Jung, Morgenstern, Kulka, Schreiber, Rawitzer, and Apfelstadt, finding many of the theories faulty. Apfelstadt's, however, they consider somewhat noteworthy. In this theory "the powder, which consists of clay and alumina, is cemented together by the precipitation of aluminium phosphate, A12(PO4)2, when phosphoric acid is added. Their own conception of the process of hardening, which is based on their hexite-pentite theory, may be summarized thus: If the powder consists of a single compound, a calcium-aluminosilicate, the presence of the acid causes rapid hydration with a subsequent replacement of the water by the acid radical.
The basis of the present study of silicate cements
The prominence of oxides in the reports of the various analyses of cements gives special interest to the possible compounds of the oxides involved-CaO, A1203, and Sio2. The various binary and ternary compounds in this system and their fields of stability are shown in the accompanying diagrams and "model" developed by Rankin and Wright (11) . (See page 55.) Several of these compounds are of special interest since they possess hydraulic properties, suggesting the possibility that they may play a part in the reaction of the dental cements.
Of the calcium silicates, two, which are prominent in Portland cement, are capable of hydrating and setting. The tricalcium silicate begins to hydrate within twenty-four hours after the addition of water and, at the end of seven days, the hydration is complete, having formed amorphous 2CaO.SiO2.xH20 and crystals of Ca(OH)2. The i3 form of ortho-calcium silicate hydrates more slowly, hydration beginning about seven days after the addition of water and proceeding through a period of twenty-eight days or more, forming amorphous 2CaO.SiO2.xH20. The slow hydration of this compound accounts for the gradually increasing strength of Portland cement.
Of the calcium aluminates three are found in Portland cement, namely, 3CaO.A1203, 5CaO.3Al203, and CaO.A1203, all of which hydrate to form crystals of 3CaO.Al203.xH2O and, in the cases of the second and third, amorphous hydrated A1203. The aluminates begin to hydrate immediately after water is added and, at the end of seven days, are completely hydrated, at which time they begin to crystallize with retrogression in strength. This retrogression is noticeable, however, only in cements high in aluminates.
Besides the compounds possessing hydraulic properties, the remaining binary compounds, CaO.SiO2, and the -y form of 2CaO.SiO2, along with the ternary compounds, CaO.A1203.2SiO2, 2CaO.A1203.SiO2, and 3CaO.A1203.SiO2, are of interest when it is assumed that the presence of acid either aids in hydration or causes replacement. If the acid aids in hydration, some of the above mentioned compounds, which do not hydrate in water alone, may be caused to perform important functions in dental cements. If, on the other hand, acid causes replacement, compounds similar in nature to the natural phosphates might be expected to form.
If the field (6 to 12 per cent CaO, 38 to 50 per cent A1203, 40 to 44 per cent SiO2) suggested by W. and D. Asch be considered at equilibrium in the ternary system, the compounds present would be CaO.A1203.2SiO2, A1203.SiO2, and A1203 or SiO2. If, however, equilibrium cannot be assured, the compounds found in the adjoining fields might also be present. The synthetic mineral anorthite, CaO.A1203.2SiO2, is of further interest when it is compared with the mineral beryl (3BeO.Al203.6SiO2) which is used extensively in the manufacture of dental cements. Beryllium and calcium appear in the same periodic group of elements, consequently it might be supposed that the reaction between phosphoric acid and the two minerals would be similar. The synthetic anorthite, as shown by Rankin and Wright, has properties similar to the natural mineral anorthite.
Requirements of a dental silicate cement
The silicate cements are now being used to replace gold fillings and porcelain inlays in the anterior teeth. They must therefore possess the proper color and translucency. They must be sufficiently slow in setting to give the dentist time to mix the cement and properly place it in the cavity, yet they must harden rapidly so that the patient will not be required to remain in the dentist's chair a prohibitive length of time. Excessive heat must not be developed during the setting. Shrinkage must not occur either at the time of setting or subsequently. The cements in place in the teeth must resist the solvent action of all oral fluids, be poor conductors of heat, be nonporous, possess high crushing strength, and be devoid of excess of free acid.
III. OUTLINE OF THE AUTHOR S WORK ON SILICATE CEMENTS
Since the various compounds of CaO, A1203, and SiO2, are of interest it was thought desirable to determine, if possible, the physical properties of some compounds individually, and then in synthetic mixtures.
To obtain the binary mixtures, whiting, aluminium hydroxide, and ground quartz were used. The mixtures corresponding to the composition of the ternary compounds were made up, first, of whiting, aluminium hydroxide, and ground quartz; and second, of whiting and clay. The first process would seem to be desirable because the raw materials can be obtained in a high degree of purity, while in the latter, iron, which gives an objectionable color, is present in most clays. The clay, however, gives improved working qualities to the mixture.
Nature of the powders used
The powders were prepared by mixing the raw materials in a ball-mill for one hour, formed into a pasty mass with distilled water, molded into small briquettes, dried, burned and then ground.
Calcination of the powders. With the exception of the batches hereafter mentioned, the dried briquettes were calcined in covered fire-clay saggers in an open fired gas-kiln. The temperature of the kiln was measured by means of a platinum-rhodium thermocouple and a Siemens-Halske galvanometer. The maximum temperature of a calcination was maintained, at each burn, for a period of fourteen hours.
For the highly basic batches (powders 1 to 8, inclusive), and where temperatures higher than 1350TC. were desired, the briquettes were set, exposed to the flames on a magnesite brick, in a small gas fired pot-furnace. Since the temperature of this furnace could not be measured, the degree of burning will be specified as accurately as possible by the terms "sintered" or " glassy." Batches 9, 10 and 30 were calcined in fire-clay crucibles, 9 having been brought to a complete melt; 30 to a partial melt throughout, "glassy" in appearance; and 10 to a sintered stage, where the ingredients at the sides of the crucible began to melt. The fused portion of the latter batch was rejected.
Pulverization of the calcined masses, After calcination, the batches which had been brought to a glassy or well sintered mass, also all the clay mixtures, Al203.SiO2 A1203 were reheated to a bright red heat and quenched in water to facilitate more rapid grinding. The drying of the quenched mass was done either in an oven at 100°C., or in a sagger above the pot-furnace which had been used for the reheating. The temperature of drying in the latter case went possibly above 200°C., and the difference between the drying temperatures may 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 23 30 I account for some variations in the results to be shown later. After drying for one hour, the batches were placed in ball-mills and ground to pass through a 150-mesh sieve, with the exception of batch 30, which was screened through a 200-mesh sieve. At the time of grinding, it was noticed that the clay mixtures, which had been dried at 1000C., stuck to the pebbles and ballmill, indicating the presence of moisture, while those which had been dried at the higher temperature showed only a slight degree of such adhesiveness. On the other hand, the batches which had been brought to a well sintered or glassy mass showed no tendency to retain or absorb sufficient moisture during the grinding to cause the powder to adhere to the pebbles or ball-mill.
The remaining powders, which had been made from whiting, aluminium hydroxide, and quartz, were ground to pass a 150-mesh sieve. They were ground in a hand mortar without previously being quenched in water. After screening, the powders were placed in tightly stoppered bottles.
Nature of the liquids used
The liquids used for this work were solutions of different concentrations of phosphoric acid and aluminium phosphate, as shown in table 3. 
Process of mixing the powders and liquids
In the process of mixing an attempt was made to follow as nearly as possible the methods of the dental profession. Sufficient powder for one pellet was placed on one end of a glass mixing slab and the liquid placed at the other end. The powder was incorporated into the liquid, rather rapidly at first and then more slowly, and well spatulated with an agate spatula. The amount of powder used for each mix was such a quantity as would bring the mix to a plastic condition (i. e., easily molded, but too viscous to flow) within the time allotted for mixing. The time for mixing was divided into two periods, spatulation and molding. Two minutes were allowed for spatulation (this time being followed as closely as possible) and one minute for the placement of the cement into glass tubes previously coated with a thin layer of paraffin. The cement was then placed under a pressure of approximately 30 pounds per square inch, applied by means of a weighted glass rod ( fig. 1 ). The pressure was maintained during the time the slab was being washed and the next mix being made (approximately five minutes). The test piece was then placed in a humidor at room-temperature (average 21°c C.), where it was allowed to remain until tested for crushing strength. Four pellets were made from each powder with each of the various liquids, providing the working qualities of the mixture would permit molding.
Time required for the setting of the cements The time required for setting at room-temperature was determined by the use of Gilmore needles. The initial set was considered at the stage of hardening when the small needle (weight, 4 pound; diameter of point, -X inch) just failed to make an impression after thirty seconds. A second set was considered to be complete when a heavier needle (weight, 1 pound; diameter of point, a1 inch) just failed to make an impression after thirty seconds. In both cases, the time required for setting was assumed to be that from the moment when the first portion of the powder was incorporated into the liquid to the moment when the needle failed to make a mark. The pellets, upon which the time of set was determined, were not placed under pressure.
Crushing strength of the cements
The crushing strength of the various cements was determined on cylindrical pellets 0.3 inch in diameter and approximately 0.4 inch in length. After the pellets had remained in the humidor twenty-four hours, two from each set were removed and the comparative shrinkage was noted by the ease with which the glass tube could be withdrawn. The ends of the pellets were surfaced on a small emery wheel and then cushioned with blotting paper during the compression-test, which was accomplished by the use of an Olsen testing machine. The remaining pellets were left in the humidor for twenty-eight days, when their crushing strength was determined.
IV. TABULATION OF THE AUTHOR S RESULTS
The data of the laboratory work of the present study are assembled in table 4.
V. DISCUSSION OF THE RESULTS
Highly burned lime develops heat when mixed with phosphoric acid solutions and sets too quickly to permit of molding. The initial set, however, is followed within a few minutes by retrogression in strength, after which a permanent set develops. Apparently, free lime would not be a desirable ingredient in dental cement powders.
Like the lime, the lime-silica and lime-alumina powders, burned at 1200'C. or below, as well as the highly burned powder, 3CaO.SiO2, set too rapidly to permit of molding. Either free lime is present in the mixtures, or the compounds formed at such temperatures are dissociated readily or combine rapidly with the acid.
The powder, CaO.SiO2 (melt), when mixed with the more highly concentrated acid solutions, takes on a slow initial set, shows retrogression in strength, with no final set at room-temperature within twenty-four hours. When, however, the mixture is heated somewhat by holding it between the fingers, a permanent set is taken with the development of considerable heat. The set material is white in color but lacks translucency. The property of setting at the higher temperature suggests that such a compound may be present in dental cement powders., since the setting properties of commercial cements are considerably affected by changes of temperature as well as by atmospheric humidity. Of the lime-alumina powders, highly burned CaO.A1203 showed the best working qualities, setting slowly at room-temperature without the development of heat. At the time of setting there was very little evidence of translucency, but at the end of twenty-four hours it had developed to a fair degree. The crushing tests showed that the maximum strength had developed within the first twenty-four hours. Powders made from the three ingredients, whiting, aluminium hydroxide, and quartz, failed to take on an initial set within fifteen minutes, but at the end of twenty-four hours a slight hardening was noted and the material increased in strength during the next twentyseven days. These mixtures were white and possessed a fair degree of translucency, but their strength was much less than that of the lime-alumina mixture.
The powders made of lime and clay showed good working qualities, developed no heat at the time of setting, and the cements possessed high crushing strength. The translucency was fairly good, but the color varied from a light brown with the concentrated acid solutions to a cream color for the dilute solutions. The substitution of English china clay for North Carolina kaolin improved the color somewhat. Although the solubility was not determined, the difficulty encountered in washing the cement from the mixing slab suggests that the solubility would be low. The lime-clay mixture has many properties which would seem to make it desirable in a cement powder.
The presence of moisture in the lime-clay powders, and the fact that many of the commercial cement analyses show a moisture content, led to the belief that moisture played an important part in the setting. Moisture was incorporated with powder 10 (CaO.A1203.2SiO2) by wetting it, then heating, while in a closed ball-mill, to about 100'C. and regrinding. The regrinding was done during the time the mill and its charge were cooling, with the idea that the moisture could thus be more intimately mixed with the powder. The resulting mixture, which contained 1.23 per cent of water, possessed the property of setting with the more dilute acid solutions. However, at the time of spatulation some heat was developed, and the plastic cement consisted of a granular mass, showing that the ordinary process of manipulation was no longer a satisfactory method of mixing. The development of the setting property probably indicates that the incorporation of moisture had broken down the original compounds with the formation of others, some of which were more readily acted upon by the phosphoric acid.
jr To further study the effect that the incorporation of moisture might have in developing the setting properties of a highly burned mixture, a powder (no. 30) was made up, which possessed a low fusion point and was of good translucency and color after setting. This powder, which had been brought to a glassy melt, quenched in water and ground to pass a 200-mesh sieve, was divided into three portions. One portion was tested without any addition of water; with the result that setting did not occur within fifteen minutes, and at the end of twenty-four hours had developed to only a slight degree. To the other portions water was added in two ways; first by allowing the powder to stand in a saturated atmosphere at 20'C. (30A), andsecon d by steaming the powder and then grinding, as above described (30B). Both powders, 30A and 30B, showed characteristics similar to powder 10, in that the property of setting had been developed but, as before, the mixture consisted of a granular mass. Where the water content was very low it was not determined accurately, but was assumed as a zero percentage.
It would seem that the presence or absence of moisture in cement powders might have an important bearing on the setting qualities of the corresponding cements.
The porosities of the various cements were not determined, except in a comparative way by ink-absorption. The absorption was increased by the use of the more dilute acid solutions. The cements made from the lime-clay powder appeared to have the least absorption.
The shrinkage, although not accurately determined was found to increase with decreasing acid concentration of the solutions. With the highly concentrated solutions, the lime-clay cements showed an expansion at the end of twenty-eight days, in some cases breaking the glass tubes, while a slight shrinkage was noted with the dilute solutions by the ease with which the pellets could be removed from the tubes. Shrinkage, however, as described by Ward (12) is characteristic of most commercial cements. A commercial cement mixed bya dentist, and subjected to the same conditions as the cements made in this laboratory, showed a shrinkage which allowed the pellet to be removed from the glass tube with ease.
The time required for setting was found to decrease with the use of the dilute solutions, except for the lime-clay cements, where a minimum time of setting was noted with the 50 per cent acid solution with an increase for the 40 per cent solution. The presence of aluminium phosphate in the liquid tends to retard setting.
VI. DATA OF SUPPLEMENTARY MICROSCOPIC STUDY
Through the courtesy of Mr. H. C. Arnold,2 a microscopic examination was made of some of the powders as well as of a commercial dental cement, with the following results as reported by him:
"The powder of 'DeTrey's Synthetic Porcelain' showed that it consisted of a single constituent-isotropic, no evidence of crystallization, angular fragments with a spotted appearance and a slight pinkish tinge, and with an index < 1.50. After the powder was mixed with the solution accompanying it and allowed to harden, it showed complete transparency, no evidence of distinct crystallization, indications of isotropic or glassy material, index < 1.50, showed no birefringence, possessed cellular structure, and showed white color in reflected light.
"The lime-clay powder (CaO.A1203.2SiO2), calcined at 1200TC. for fourteen hours, showed no evidence of crystallization, crypto-crystalline, opaque white in reflected light with an index < 1.53 according to the Becke linemethod. The same powder, after being mixed with phosphoric acid and allowed to stand twenty-eight days, showed a non-homogeneous mixture consisting of approximately 1 per cent of a well crystallized material with the following properties: index > 1.53, birefringence about 0.009, and optically positive. Most of the remaining material was opaque white in reflected light, and some possessed poorly developed centers of crystallization.
"The lime-alumina powder (CaO.AL03, sintered) showed distinct crystallization, but not homogeneous extinction, with low birefringence, and an index = 1.64. After it had been mixed with phosphoric acid, and allowed to stand twenty-eight days in the humidor, it showed an opaque white material, some of which was crystalline at the edges, and had approximately 20 per cent of a well crystallized substance. The crystals possessed properties similar to those of the original powder; they were optically negative, birefringence low, index 1.64 and biaxial." It might seem that the set developed in the lime-alumina powder was due to the formation of the white opaque material rather than to formation of the crystals, because the properties of the crystals are very similar to the properties of the powder.
SUMMARY OF GENERAL CONCLUSIONS
Mixtures of the compositions CaO.SiO2, and CaO.A1203, when calcined at high temperatures, harden readily with phosphoric acid solutions. The CaO.A1203 cement develops considerable strength.
Calcined mixtures of lime and clay showed better working properties than the above mixtures, set well and developed excellent strength. Owing to impurities in the materials the color was not good, but possibly could have been improved by the substitution of other clays.
Increase in the acid concentration decreases the rate of setting, gives less heat in setting, and lowers the porosity of the hardened cement.
The addition of A12(PO4)2 to the solution retards setting.
The presence of hygroscopic moisture in the powder seems to have an important effect on the setting properties.
The results show that calcium-aluminate and lime-clay mixtures have setting properties comparable to those of commercial dental cements. 
